(GAPs) to promote continuous G-protein cycling, thereby accelerating both signal onset and decay.
In plants, understanding of heterotrimeric Gprotein signaling mechanisms is still in its infancy with most data coming from Arabidopsis and rice. Both these plants possess a limited repertoire of heterotrimeric G-proteins with 1 Gα, 1 Gβ, and 3 Gγ subunits, whereas the human genome encodes for 23 Gα, 5 Gβ, and 12 Gγ subunits (8) (9) (10) . Likewise, there is a single RGS protein in Arabidopsis, but 37 in human (8, 11) . The rice genome does not encode any obvious candidate for an RGS protein (9, 12) . Despite their limited quantities, plant G-proteins are involved in multiple signaling pathways controlling various aspects of growth and development (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) .
We have recently identified an elaborate Gprotein family in soybean that has greatly expanded the diversity and complexity of plant Gprotein networks. The soybean genome encodes 4 Gα, 4 Gβ, and 10 Gγ subunits, suggesting more than a hundred possible heterotrimeric combinations compared to three in Arabidopsis (10, 22, 23) . Moreover, the expression patterns and interaction specificity of G-protein subunits suggests the formation of tissue-and signalspecific heterotrimers in soybean, as reported in mammals (24-27).
Detailed biochemical characterization of the different steps of G-protein cycling in plants is currently limited to the Arabidopsis Gα protein AtGPA1 and its regulatory RGS protein AtRGS1 (11, (28) (29) (30) . AtGPA1 is an extremely slow GTPase with significantly high rate of GTP-binding and GDP release and is proposed to exist almost entirely in the GTP-bound conformation. Based on these observations, GTP-hydrolysis by AtGPA1 is proposed as the rate-limiting step of Arabidopsis G-protein signaling cycle (28,31), in contrast to the GDP/GTP exchange of Gα proteins in mammalian G-protein signaling (2, 4) .
Initial biochemical analysis of GmGα1-4 predicted important kinetic differences among them. For example, group II GmGα proteins (GmGα2 and GmGα3) exhibited a faster rate of GTP-hydrolysis than group I GmGα proteins (GmGα1 and GmGα4) and AtGPA1 (23). The present study was designed to compare the GTPbinding and GDP/GTP exchange rates of GmGα1-4 and examine the role of two soybean RGS proteins (GmRGS1 and GmRGS2) on the intrinsic GTPase activity of the GmGα proteins. Our data show that each GmGα protein has a distinct rate of GTP-binding and GTPase activity. The two GmRGS proteins exert differential GAP activities on each of the GmGα proteins, and the difference in their GAP activity results from a single valine versus alanine alteration. These results suggest the complex regulation of G-protein cycle in soybean and, by extension, in other plants with expanded G-protein networks.
EXPERIMENTAL PROCEDURES
Plant material and growth conditions. Soybean (Glycine max L.) cv. Jack seeds were grown in growth chamber (26/20 ºC day/night temperature, photoperiod of 14/10 h, 800 μmol m -2 s -1 light intensity, and 60% humidity). Tissue samples for different stages were prepared as previously described (23).
Cloning of soybean RGS-protein genes and recombinant protein purification.
Soybean RGSprotein genes were identified by BLAST analysis of the latest Glycine max genome assembly (www.phytozome.net/soybean) using Arabidopsis and mammalian RGS protein sequences as queries. Full-length GmRGS genes were amplified from soybean seedling cDNA using gene-specific primers (Table S1 ), cloned into the pENTR/D-TOPO vector (Invitrogen, CA), and confirmed by sequencing. The RGS domains of GmRGS1 and GmRGS2 (amino acids 251 -464) were cloned into pET-28a (Novagen, WI) and transformed into E. coli Rosetta cells (Novagen). Recombinant proteins were purified using Ni 2+ -affinity chromatography (32). Protein aliquots were snapfrozen in liquid nitrogen and stored in -80 °C. Mutant GmRGS constructs were prepared by sitedirected mutagenesis using the QuikChange PCR method (Agilent). Protein expression and purification was as for wild-type GmRGS. The four GmGα proteins were purified as previously described (23).
RNA isolation and qRT-PCR.
RNA isolation and quantitative real-time PCR were performed as previously described (23). The oligonucleotides 3 used for PCR are listed in Table S1 . Experiments were repeated three times and data were averaged.
Protein-protein interaction assays.
The interaction assay between GmGα and GmRGS was performed using the mating-based yeast splitubiquitin system (33). Briefly, full-length GmRGS1-2 genes were fused with the C-terminal half of ubiquitin (CUb fusions) and the GmGα1-4 genes were fused with the N-terminal half of ubiquitin (NUb fusions). NUb fusions with each GmGα were created in both N-and C-terminal orientations (i.e., GmGα-NUb and NUb-GmGα). NUb wt fusion constructs, which exhibit intrinsic interaction with CUb fusion constructs were used as positive controls. Yeast transformations and mating were performed as in Bisht et al. (23) . For the split-ubiquitin interaction assays, yeast were grown on minimal media lacking leucine, tryptophan, histidine, and adenine, in the presence of 1 mM methionine. For in planta interactions, the GmGα1-4 genes were cloned into 77 nEYFP-N1 vector (containing nEYFP at the C-terminal end; ref. 34) and the GmRGS1-2 genes were cloned into 78 cEYFP-N1 vector (containing cEYFP at the C-terminal end; ref. 34). All constructs were transformed into Agrobacterium tumefaciens strain GV3101, resuspended in ASmedium (10 mM MgCl2, 150 μM acetosyringone and 10 mM MES pH 5.7) to A 600 = 0.8, and coinfiltrated in the abaxial side of tobacco leaves. The leaves were imaged 36 h post infiltration with the Nikon Eclipse E800 microscope with epifluorescence module for YFP fluorescence detection.
At least four independent transformations were performed for each construct. Localization of GmRGS-YFP was performed as described previously (22).
G-protein and RGS-protein activity assay.
The kinetics of GTP-binding and GTP/GDP exchange were determined by stopped-flow analysis using an Olis DM45 spectrofluorimeter with a 150 W Xenon lamp and stopped-flow accessory. Fluorescence resonance energy transfer (FRET) signal between tryptophan and the 2'-/3'-O-N'-methylanthraniloyl) (MANT) group (from either MANT-GTP or MANT-GDP, λ ex =280 nm with a cutoff filter >420 nm) was followed to measure the rate of GTP-binding and GDP/GTP exchange. Assays were performed at 20 °C in 20 mM Tris, pH 8.0, 100 mM NaCl, and 10 mM MgCl 2 . An average of 8-11 scans were collected for each condition and normalized. KintekGlobal Kinetic Explorer v. 2.5 (35) was used to fit the binding data using a model describing binding followed by a conformational change. Exchange of MANT-GDP with GTP was fit to a single exponential curve.
Real-time fluorescence-based GTP-binding and GTP-hydrolysis assays were performed using BODIPY-GTP FL (36). Assays were performed at 25 °C in 200 μL reaction volume of assay buffer (20 mM Tris, pH 8.0, and 10 mM MgCl 2 ). The reaction was started by addition of labeled nucleotide. For each assay, 250 nM of GmGα protein was used. To evaluate the GAP activity of each GmRGS, 500 nM of protein was incubated with GmGα and fluorescence (λ ex = 485 nm, λ em = 530 nm) recorded every 16 sec for up to 54 min using a fluorescence microplate reader (FLUOstar Optima, BMG Lab Technologies).
GAP activity of GmRGS1 and GmRGS2 was also assayed using the ENZchek phosphate assay kit (Invitrogen). Each GmGα (5 µM) was preloaded with GTP (1 mM) and incubated with 0.1 to 2 µM of GmRGS. Phosphate (P i ) production was recorded as a change in absorbance at 360 nm using a Spectramax M2 spectrophotometer (Molecular Devices, Sunnyvale, CA) for up to 30 min at 25 o C. The amount of P i released was evaluated from the corresponding values obtained with a standard curve. Data were plotted as nanomoles P i released min -1 mg -1 of GmRGS and fit using non-linear regression in GraphPad Prism version 5.0. . Initial BODIPYfluorescence assays suggested that GmGα1-4 may have different GTP-binding, hydrolysis, and/or exchange kinetics (23). To further examine the properties of each GmGα, the rate of GTP-binding and GDP-release were determined using MANT-GTP and MANT-GDP analogs, respectively, in a stopped-flow assay system. For GTP-binding, 1 µM of each GmGα protein was examined with varied concentrations of MANT-GTP (Fig. 1A) . The rate constants (k on ) derived from the data (Table 1) indicate that GmGα1 and GmGα4 bind GTP more rapidly than GmGα2 and GmGα3. In addition, the GTPbinding rates of all four GmGα proteins are faster than AtGPA1 (k on = 1.1 ± 0.1), which is also two orders of magnitude faster than mammalian G proteins (28).
RESULTS

Analysis of GTP-binding and GTP/GDP exchange in
To assess the rate of GDP-release from GmGα, 1 µM of each of the protein was preincubated with 5 µM MANT-GDP. An excess (160 µM) of unlabeled GTP was then used to start the reaction and the GTP/GDP exchange rate was determined. Figure 1B shows the kinetics of MANT-GDP/GTP exchange for GmGα3 and GmGα4. GmGα3 exhibits a lower rate of GDP/GTP exchange compared to GmGα4. The reactions for GmGα1 and GmGα2 essentially overlap with that of GmGα4 and are not shown for the sake of clarity. Table 1 summarizes the comparative rates of MANT-GTP binding and MANT-GDP/GTP exchange for GmGα1-4.
For GmGα1-4, the GTP-hydrolysis rate of each protein in the absence of an RGS protein was very slow and only approximate values derived from the single turnover reactions were determined (Table S2 ). The k cat value for GmGα2 was 0.055 min -1 , which was similar to the rate of AtGPA1 GTPase activity (0.063 min -1 ) reported previously (28,31). This extremely slow rate of GTP-hydrolysis of GmGα proteins together with the rate of non-enzymatic GTP hydrolysis made it difficult to compare the small quantitative differences between GmGα proteins and to evaluate K m .
The soybean genome encodes two chimeric proteins with RGS domains. In most organisms, the expansion and diversity of Gα proteins correlates with the expansion and diversity of RGS proteins (37). The only exception known to date is rice, which contains a Gα protein and lacks an RGS protein (12) . To determine if RGS proteins are as prevalent in plants as they are in animals, and whether genome duplication led to an expansion of RGS proteins in soybean similar to that reported for the Gα proteins (23), we queried the www.phytozome.net/soybean database using Arabidopsis and animal RGS-protein sequences.
Genome analysis identified one or more homologs of AtRGS1 in all dicot plants but none in monocot plants (with the exception of Setaria italica, Fig. S1 ). The soybean genome has two loci (Glyma18g01490.1 and Glyma11g37540.1) with 64% sequence identity to AtRGS1 (11) . These are renamed GmRGS1 and GmRGS2, respectively. The GmRGS1 gene is mis-annotated in the current version of the soybean genome with a predicted protein lacking the first exon as identified here.
Discrepancies between the reported and experimentally validated sequence of the GmRGS2 gene were also identified. The correct sequence of both these genes and their exon-intron boundaries are detailed in Figures S2 and S3.
GmRGS1 and GmRGS2 each encode open reading frames of 464 amino acids that share 96% identity, which suggests their origin from a recent genome duplication event (38) .
This was corroborated by the analysis of their chromosomal location and exon-intron architecture. Both genes contain 11 exons and 10 introns with highly conserved exon lengths ( Fig. 2A ) and are present on the duplicated regions of the chromosomes.
The GmRGS proteins share both common sequence features and cellular localization with AtRGS1.
Both GmRGS proteins display a chimeric architecture with an N-terminal 7 transmembrane (7TM) domain (amino acids 15-252), as found in classic GPCRs, and a C-terminal RGS box (amino acids 294-412) (Fig. 2B) . The RGS box of each GmRGS contains nine predicted α-helical regions typical of all RGS proteins (Fig.  2B ). The predicted secondary structure of each GmRGS C-terminal domain aligns with mammalian homologs as determined by I-TASSER (39) . None of the mammalian RGS boxcontaining proteins have a 7TM GPCR-like domain associated with them; although such domains have been identified in some protozoan and many fungal RGS proteins (37). Intriguingly, the sole representative of a monocot plant RGS protein from Setaria italica lacks the N-terminal 7TM domain (Fig. 2B ). Both GmRGS proteins also contain two cysteine residues (i.e., Cys83 and Cys153) that may form a disulfide linkage found in many GPCRs (11) . In addition, both GmRGS localized to the cell periphery ( Fig. 2C) , which is similar to the localization of AtRGS1 (11) .
GmRGS proteins have overlapping expression patterns with Gα proteins.
Previous work reported the expression patterns of GmGα1-4 in different tissues of soybean and at various growth and development phases (23). Since RGS proteins work with Gα proteins to regulate G-protein signaling, the degree of overlap between the expression of specific GmGα and GmRGS genes was evaluated using real-time quantitative PCR.
Similar to the expression of GmGα genes, the two GmRGS genes are expressed widely in most organs and tissue types (Fig. 3A) . Moreover, both GmRGS genes were expressed at a very high level in the first trifoliate leaf, which is similar to the expression pattern of GmGα4 (23).
The role of G-protein during nodulation has been analyzed in legumes (40), and two of the soybean Gα genes (i.e., GmGα1 and GmGα3) are expressed at a very high level in nodules compared to non-nodulating roots (23). Our results show that both GmRGS genes have 12-to 15-fold higher expression in nodules compared to non-nodulating mature roots (Fig. 3B ). The expression analysis suggests potential isoform specific roles for GmGα1 and GmGα3 in nodulation.
The four GmGα genes also exhibited interesting expression profiles during seed development and seed germination (23). Given the role of G-proteins during seed germination in Arabidopsis and rice and the importance of soybean seeds as food and feed, we compared the expression patterns of the two GmRGS genes during seed development and germination. During seed development (defined here as stages S1-S8; ref. 41) , GmRGS1 transcript level remained relatively constant through S7, followed by a greater than 10-fold increase at S8 and in dry seeds (Fig. 3C) . Conversely, expression of GmRGS2 during seed development did not change. The expression profile of GmRGS1 correlates with that of the group II GmGα (Gα2 and Gα3), whereas GmRGS2 expression corresponds to expression of the group I GmGα (Gα1 and Gα4).
Expression of GmRGS1 and GmRGS2 genes was also analyzed during soybean seed germination. Previous work showed that all four GmGα genes are expressed at significantly higher levels up to 12 hours post-imbibition, followed by a gradual decrease (23). The expression of GmRGS1 and GmRGS2 genes, however, showed an overall decrease following imbibition (Fig. 3D) .
GmRGS proteins interact with GmGα proteins.
Computer modeling studies suggest that amino acids crucial for RGS1 and Gα interaction are conserved between mammalian and plant homologs (28). AtGPA1 interacts with full-length AtRGS1, as well as the RGS domain of the same protein (11, 28) . In non-plant systems, where multiple Gα and RGS proteins exist in a single organism, a high degree of interaction specificity occurs between particular Gα and RGS proteins (42, 43) .
To assess interaction between GmGα and GmRGS proteins, the 8 possible interaction combinations (4 GmGα x 2 RGS proteins) were tested using the membrane-based split ubiquitin system (33). For this experiment, GmRGS1 and GmRGS2 were used as bait proteins (CUb fusions) and GmGα1-4 as prey proteins (NUb fusions). NUb fusions with GmGα proteins were made in both orientations, NUb-GmGα and GmGα-NUb, resulting in 16 different test interactions. Each GmRGS interacts with all 4 GmGα proteins, in at least one orientation (Fig.  4A) . To confirm the yeast-based interaction data, bimolecular fluorescence complementation (BiFC) was used in planta to test for interaction between the two protein combinations (34). Each GmGα was cloned as an N-terminal fusion to the Cterminus of YFP (Gα-cYFP). Each GmRGS was cloned as an N-terminal fusion to the N-terminus of YFP (RGS-nYFP). Interactions were examined by co-infiltrating specific RGS and Gα combinations and looking for reconstitution of YFP fluorescence in the infiltrated tobacco leaves. YFP fluorescence was observed in all 8 possible combinations confirming that both GmRGS can interact with each GmGα in vivo (Fig. 4B) .
RGS proteins act as GAPs for the GmGα.
To establish that GmRGS interact with GmGα and function as GAPs, we assayed their effect on the GTPase activity of GmGα1-4. Full-length cDNAs corresponding to GmGα1-4 and the RGS domain of GmRGS1-2 (amino acids 251-464) were expressed as recombinant proteins in E. coli and purified by Ni 2+ -affinity chromatography. Each protein was purified to greater than 95% purity (Fig. 5A) .
Fluorescence-based real-time assays were performed to evaluate the effect of each GmRGS on the GTPase activity of each GmGα using BODIPY-GTP. In this assay, the slope of the curve denotes GTPase activity (Figs. 5B-E). As previously reported, the group I GmGα were slower GTPases than the group II GmGα (23). Both GmRGS1 and GmRGS2 accelerated the GTPase activity of each GmGα, as evident by the steeper slopes for GTP-hydrolysis (Figs. 5B-E). Interestingly, the GTPase activity of all four GmGα was appreciably higher in the presence of GmRGS2 than GmRGS1 (Figs. 5B-E), suggesting GmRGS2 as a more active GAP than GmRGS1.
BODIPY-based assays record the overall fluorescence emission resulting from simultaneous GTP-binding and GTP-hydrolysis, and therefore at best provide initial information but not accurate estimation of the rates. To measure the distinct activities of the GmGα proteins and the steadystate GAP activity of the GmRGS, an assay that allowed for quantification of P i release was used. These assays confirmed the results obtained in the BODIPY-based fluorescence assay that GmRGS2 was more active than GmRGS1 (Fig. 6 and Table  2 ). Furthermore, the rate of P i released from the group II GmGα was faster than the group I GmGα in the presence of both GmRGS1 and GmRGS2 (Table 2 ). GmGα1 and GmGα3 have similar EC 50 's for both GmRGS1 and GmRGS2, while GmGα2 and GmGα4 have ~3-fold higher EC 50 for GmRGS1 than GmRGS2.
A glutamate at position 320 of AtRGS1 is crucial for GAP activity and its interaction with AtGPA1 (28). This residue is conserved in both GmRGS1 and GmRGS2 proteins (Glu319; Fig.  2B ). To test the role of this residue in GmRGS, the E319K, E319Q, and E319A variants of GmRGS2 were generated. Using GmGα1 and GmGα2 as representatives of the group I and Group II enzymes, the effect of GmRGS2 mutants on P i release was examined ( Fig. 7 and Table 3 ). This analysis showed that all three mutations decreased the GAP activity of GmRGS2 for both GmGα1 and GmGα2. In general, the V max values decreased and EC 50 values increased for each protein combination compared to wild-type GmRGS2 (Fig. 7 and Table 3 ). The E319A mutant displayed the largest effect and almost completely abolished the GAP activity of GmRGS2 (Table 3) . (Fig. 2B ). This residue is replaced with a valine in GmRGS1.
Amino acid 357 modulates GAP activity in
To test the potential role of this residue in controlling GAP activity, mutations in both GmRGS1 (V357A) and in GmRGS2 (A357V) were generated and the mutant proteins were tested for their effect on GTPase activity of GmGα proteins. For these experiments, GmGα1 and GmGα2 were used as representatives of slower and faster GTPases, respectively. As shown in Fig. 8 and summarized in Table 4 , mutation of residue 357 in each GmRGS switches GAP activity. The GmRGS1 V357A mutant enhances GTPase activity of GmGα compared to wild-type GmRGS1.
Conversely, GmRGS2 A357V impairs the GTPase activity of GmGα compared to wild-type protein. Additionally, GmRGS1 V357A reduces the EC 50 difference seen in the wild-type GmRGS1 interactions with GmGα1 and GmGα2. GmRGS2 A357V has the opposite effect, leading to differences in the EC 50 .
DISCUSSION
Since the discovery of the Arabidopsis Gα protein AtGPA1 and its regulatory RGS protein AtRGS1 (11) , almost all research related to the kinetics and regulation of plant G-protein signaling has remained focused on these two proteins. The presence of a single copy of each of these genes in the Arabidopsis genome and the availability of complete genetic knock-out mutants has allowed for the evaluation of the role of both these proteins on overall growth and development of Arabidopsis, a situation not feasible with most multicellular organisms (12) . These studies have also provided important clues to alternative Gprotein signaling mechanisms beyond the canonical mammalian models. However, the simple G-protein system of Arabidopsis limits our view of the variability and complexity of plant Gprotein networks and does not allow for a comparative assessment of their biochemical properties. The presence of multiple copies of all the G-protein signaling proteins in soybean provides an opportunity to extend the knowledge to more complex and agriculturally-relevant plants, as more than 70% of plants are polyploid and likely have multiple copies of G-proteins, unlike Arabidopsis or rice.
Biochemical properties of Gα and RGS proteins of soybean.
Biochemical characterization of the four soybean Gα proteins reveals rates of GTP-binding 100-to 1000-fold faster than mammalian systems, along with higher rates of GDP release and lower rates of GTP hydrolysis (Fig. 1) . On the whole, these data are similar to AtGPA1, which has an observed rate of GTPbinding two orders of magnitude faster and a steady-state rate of GTP-hydrolysis an order of magnitude slower than the mammalian Gαo (28); implying, that GTP hydrolysis is likely to be the rate-limiting step in plant G-protein signaling. Nevertheless, important differences were observed in the kinetics of the four GmGα proteins ( Fig. 1 and Table 1 ). GmGα4 has a rate of GTP-binding 4-fold higher than GmGα2 and GmGα3, whereas the rate of GDP dissociation from GmGα3 is nearly 5-fold slower than that of GmGα1 and GmGα4. These differences suggest variations in the timing of the G-protein cycle in soybean.
The rate-limiting step of the G-protein cycle in Arabidopsis is regulated by AtRGS1, which causes a 35-fold increase in the steady-state rate of GTP hydrolysis by AtGPA1 (31). Similar to AtRGS1, both GmRGS1 and GmRGS2 act as GAPs. Direct biochemical analyses confirmed a significant increase in the rate of GTP hydrolysis for each of the GmGα proteins in the presence of GmRGS proteins (Figs. 5 and 6 ). Interestingly, despite 96% sequence identity between the two GmRGS proteins, the GAP activity of GmRGS2 is up to 5-fold greater than that of GmRGS1, depending on the Gα protein assayed (Fig. 6 ). This suggests that the G-protein cycle mediated by each of the four GmGα could have different kinetics subject to its regulation by either GmRGS1 or GmRGS2, in addition to RGSindependent regulation.
How these moderately different biochemical properties and their regulation affect G-protein cycling in a cell with respect to sharing the available pool of GTP and respond to a particular signal remains an open question at this juncture. Moreover, since the interaction of Gα proteins with Gβγ dimers and/or other effector proteins of G-protein signaling complex depends on GDPbound versus GTP-bound conformation of Gα proteins (44) , it is conceivable that the inherent biochemical differences and their distinct regulation will also affect the downstream signaling pathways initiated by each Gα protein. These differences provide a first glimpse of the possible complexity of G-protein cycle in plants, especially if more than one protein is active in any given cell type.
In some cases, a high degree of tissue-or developmental stage-dependent expression of specific genes, as well as a high degree of overlap between specific GmRGS and GmGα gene expression exists. For example, during seed development, the expression of GmRGS1 follows a similar trend as the group II GmGα, whereas the expression of GmRGS2 overlaps with the group I GmGα (Fig. 3C; ref. 23) . Conversely, during seed germination, an opposite trend occurs as both GmRGS genes are down-regulated following imbibition (Fig. 3D) , but the GmGα genes are upregulated (23). It is possible that different modes of G-protein signaling are active during specific physiological responses. An RGS-independent signaling pathway may operate during seed germination versus an active RGS-dependent signaling pathway during seed development. Further studies focused towards identifying the signal-dependent in vivo changes in individual Gprotein activation and cycling, elucidation of signal-dependent protein complexes and in depth cell-specific and signal-dependent expression profiling of individual GmGα will help answer some of these questions.
Interaction between GmGα and GmRGS proteins. According to the mammalian paradigm, the GAP activity of RGS proteins depends on their physical interaction with cognate Gα proteins (3,4,7) . Both GmRGS proteins interacted with all four GmGα in the yeast-split ubiquitin and BiFC assays in planta (Fig. 4) . We did not observe any significant difference in interaction strengths between specific Gα and RGS protein pairs in these assays, despite noticeable differences in the GAP activity of each GmRGS protein. However, it is interesting to note that the EC 50 values, which approximate the equilibrium-binding constants, indicate preferences of each GmRGS for certain GmGα. To fully understand this, more quantitative methods such as isothermal titration calorimetry will need to be used to directly measure these interactions.
In AtRGS1, a glutamate in a putative α-helical region is important for both GAP activity and interaction with AtGPA1 based on homology modeling using the human RGS4/Giα1 interaction (45) . This residue is conserved in the GmRGS and our mutant analysis showed that changing either its polarity and/or charge has a significant effect on the GAP activity of both proteins ( Fig. 7 and Table 3 ). While these data suggested that the overall interaction interface of plant and mammalian RGS-Gα interaction may be conserved, the presence of two different RGS proteins also offered an opportunity to identify key amino acids responsible for their differential GAP activities. Interestingly, the amino acid at position 357 (i.e., valine or alanine), identified in this study as a molecular switch that controls the slow versus fast GAP activities of GmRGS1 and GmRGS2 ( Fig. 8 and Table 4 ), was not previously predicted to be directly involved in RGS-Gα interaction (45) . It would therefore be premature to draw conclusions about the plant Gα-RGS interaction interface at this point. Structural information on the interaction of a plant Gα and its cognate RGS protein would help define the protein-protein interface in the plant system, especially in light of the recent crystal structure of AtGPA1 that has shown unique, plant-specific features (29).
RGS proteins in the context of plant evolution.
Based on two genome duplication events during soybean evolution (38) , four RGS proteins were expected; however, our analysis identified only two GmRGS (Fig. 2) . This suggests a likely loss of the other two genes during evolution. Most dicot plants have one or more homologs of RGS proteins, although Setaria is the sole representative monocot with a RGS protein homolog. The absence of a 7TM domain in the RGS protein from Setaria suggests the possibility that the 7TM domain was lost first during evolution, followed by a subsequent loss of RGS proteins in the monocot lineage.
The absence of a RGS protein homolog from almost the entire monocot plant lineage warrants a detailed evolutionary analysis of the regulation of G-protein cycle in monocot versus dicot plants (Fig. S1) . It has been shown for Arabidopsis and in this report that RGS protein-regulated acceleration of GTPase activity is a crucial step in the plant G-protein cycle. If the role of the RGS proteins is only to accelerate the extremely slow GTPase activity of the dicot Gα proteins so that they continue cycling between the GDP-bound and GTP-bound forms, then the Gα proteins in monocots might have different kinetic properties and may not require the GTPase acceleration by an RGS protein. Interestingly, there is one report indicating that the rates of GTP-binding and GDP release of the rice Gα protein RGA1 is comparable to those of the mammalian Gα proteins and significantly different from AtGPA1 (46) ; however, these data remain contested (31,47). In this context, it is also interesting to note that the overall phenotypes of the Atgpa1 mutants are significantly different from the Osrga1 mutants (8, 12) . The extent to which the presence of an RGS protein in the plant genome correlates with the presence of a slow versus fast GTPase will only become clear after detailed biochemical characterization of the Gα proteins from evolutionarily different plant lineages. Furthermore, the presence of a 7TM GPCR-like domain in plant RGS proteins is intriguing. Data available from AtRGS1 suggests that this domain does not have a GEF activity on AtGPA1, at least with sugar as a ligand (28,31). Whether other compounds may act as a ligand for the 7TM domain of plant RGS proteins remains to be seen. Since this domain does not interact with the Gα protein, it may act as a targeting or scaffolding protein. It could also act in pathways not related to G-protein signaling similar to many mammalian RGS-domain containing proteins (48) . Continued sequence analysis of additional plant genomes at important evolutionary junctions will help solve this enigma and shed light on the evolution of plant-specific G-protein signaling pathways.
Biological significance of different kinetic properties of GmGα and GmRGS proteins.
Studies outside of the rigorously studied mammalian models are beginning to reveal that the basic biochemistry of Gα proteins, i.e., specific binding of guanine nucleotides, inherent GTPase activity with bound GTP, and regulation by RGS proteins, are conserved across phyla. Similarly, the core interactions between different components of the G-protein complex are also fully conserved in each of the organisms studied to date, e.g., the interaction between Gα•GDP and Gβγ, the nondissociable interaction of Gβ and Gγ, and the interaction of Gα and RGS domains.
Nonetheless, it is becoming increasingly clear that the same basic set of biochemical reactions and core protein interactions have evolved to act via significantly different mechanisms that finetune individual steps in this timing cycle. Studies in Arabidopsis revealed a perplexing picture of plant G-protein signaling, as a limited number of G-protein complex components seem to regulate a multitude of signaling pathways, although plants lacking one or more of these proteins display relatively subtle phenotypes (12) . It has been suggested that G-protein signaling in plants evolved to suit their stationary life style by regulating overall growth and development under any given environmental condition rather than exerting absolute control of any particular pathway (17, 49) . The presence of multiple proteins with moderately different kinetics and regulation in soybean (and in other polyploid plant species) presents a scenario in which such principles can be applied even more effectively. It can be envisioned that not only the multiplicity of the components and their specific expression patterns, but also their biochemical properties will contribute to generate networks of functionally dissimilar protein complexes to effectively tune a plant's response to a variety of signals. It is possible that these modest kinetic differences observed in vitro may result in significantly greater changes in vivo in terms of signal output depending on the interaction network of specific G-protein complexes. Future research focused towards elucidating the signal-dependent G-protein complexes, their regulation of specific physiological responses and modeling of different interactions in the context of their effect on amplifying or dampening the signal output will significantly improve our understanding of Gprotein signaling pathways in plants. Comparison of GDP/GTP exchange kinetics of GmGα3 and GmGα4. GmGα (1 µM) was pre-loaded with 5 µM MANT-GDP. Unlabeled GTP (160 µM) was then shot into the reaction and the rate of GTP/GDP exchange rate was followed by measuring the change in fluorescence due to FRET signal between tryptophan and MANT versus time. Curves for GmGα1 and GmGα2 overlapped with GmGα4 and are not shown for clarity. Exchange of MANT-GDP with GTP was fit to a single-exponential curve. The seed development stages (S1-S8) are according to (41) . Dry seed (DS) stage was also used for the analysis. The expression in seeds at S1 was set at 1. (D) Expression of GmRGS genes during seed germination. Seed germination was followed starting from dry seeds (0 h) up to 30 h when an obvious radical had protruded. Seed samples were collected at every 6 h following imbibition of dry seeds. The expression in dry seeds at 0 h was set at 1. For each data set qRT-PCR amplification experiments were performed three times independently for each target, and the data were averaged. The expression values were normalized against soybean Actin gene expression. Error bars represent the standard error of the mean. GmRGS2. Experiments were repeated three times and data were averaged. Error bars represent the standard error of the mean. Data were fit using GraphPad Prism version 5.0. 
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